Streptomyces griseolosporeus MF730-N6, a terpenoid antibiotic-terpentecin (Tp) producer, has both the nonmevalonate and mevalonate pathways for the formation of IPP. The Tp biosynthetic gene (ter ) and the mevalonate pathway gene cluster (mev) including an HMG-CoA reductase gene (hmgr ) had previously been cloned from strain MF730-N6. In this study, two distinct dxs genes (dxs 1 and dxs 2) and a dxr gene, which encode DXP synthases and DXP reductoisomerase, and participate in the initial and the second step of the nonmevalonate pathway, respectively, were cloned. These gene products were expressed in E. coli and conˆrmed to have the expected activities. The dxs 1, dxs 2, dxr, mev, and ter genes were used for Northern blot and primer extension analyses to examine temporal expression of these genes together with a gap gene coding for GAP dehydrogenase, which was also cloned in this study and used as an internal control. Transcripts of the dxs 1, dxs 2, dxr, and gap genes were detected throughout the cultivation. On the other hand, messages of the mev and ter genes were not detected at early growth phase but appeared when Tp production started. These results suggested that the nonmevalonate pathway and the mevalonate pathway were mainly used for the primary metabolism and the secondary metabolism, respectively, and that both of the two dxs genes were actually transcribed in this strain.
Streptomyces griseolosporeus MF730-N6, a terpenoid antibiotic-terpentecin (Tp) producer, has both the nonmevalonate and mevalonate pathways for the formation of IPP. The Tp biosynthetic gene (ter ) and the mevalonate pathway gene cluster (mev) including an HMG-CoA reductase gene (hmgr ) had previously been cloned from strain MF730-N6. In this study, two distinct dxs genes (dxs 1 and dxs 2) and a dxr gene, which encode DXP synthases and DXP reductoisomerase, and participate in the initial and the second step of the nonmevalonate pathway, respectively, were cloned. These gene products were expressed in E. coli and conˆrmed to have the expected activities. The dxs 1, dxs 2, dxr, mev, and ter genes were used for Northern blot and primer extension analyses to examine temporal expression of these genes together with a gap gene coding for GAP dehydrogenase, which was also cloned in this study and used as an internal control. Transcripts of the dxs 1, dxs 2, dxr, and gap genes were detected throughout the cultivation. On the other hand, messages of the mev and ter genes were not detected at early growth phase but appeared when Tp production started. These results suggested that the nonmevalonate pathway and the mevalonate pathway were mainly used for the primary metabolism and the secondary metabolism, respectively, and that both of the two dxs genes were actually transcribed in this strain.
Key words: Streptomyces; mevalonate pathway; terpenoid; Northern blotting; terpentecin Isoprenoids are the largest single family of compounds found in nature with, over 23,000 examples. 1) All isoprenoids are derived from theˆve-carbon precursor, isopentenyl diphosphate (IPP). 2, 3) In eukaryotes and Archaebacteria, the mevalonate pathway for the formation of IPP is well-established (Fig. 1) . 4, 5) Therefore, it was widely accepted that IPP is synthesized by condensation of three molecules of acetyl coenzyme A via the ubiquitous mevalonate pathway in all organisms including prokaryotes. It has recently been found, however, that IPP is synthesized through the nonmevalonate pathway in most bacteria, green algae, and chloroplasts of higher plants. [6] [7] [8] [9] [10] [11] The initial step of this pathway is the formation of 1-deoxy-D-xylulose 5-phosphate (DXP) by condensation of pyruvate and D-glyceraldehyde 3-phosphate (GAP) catalyzed by DXP synthase (Fig. 1) . The dxs genes encoding the DXP synthase have been cloned from Escherichia coli, 12, 13) Rhodobacter capsulatus, 14) Pseudomonas aeruginosa, 15) Streptomyces sp. strain CL190, 16) Streptomyces coelicolor, 17) Synechococcus leopoliensis,
18)
Arabidopsis, 19) peppermint, 20) pepper, 21) tomato, 22) and periwinkle. 23) We succeeded in cloning the dxr gene coding for DXP reductoisomerase that catalyzes the intramolecular rearrangement of DXP to 2-Cmethyl-D-erythritol 4-phosphate (MEP). 24, 25) Recently and independently, Zenk, Eisenreich, Rohdich, and co-workers, [26] [27] [28] and our group [29] [30] [31] demonstrated that MEP was converted to 2-C-methyl-D-erythritol 2,4-cyclodiphosphate (MECDP) after successive reactions of MEP cytidylyltransferase, 4-(cytidine 5?-diphospho)-2-C-methyl-D-erythritol kinase (CDP-ME kinase), and MECDP synthase (Fig. 1) . However, the genes and enzymes participating in the nonmevalonate pathway from MECDP to IPP remain unclear.
Previously, we showed that both the mevalonate and nonmevalonate pathways were simultaneously operating in some Streptomyces strains by feeding experiments using 13 C-labeled precursors. 11) We also suggested that the nonmevalonate pathway and the mevalonate pathway were mainly used for the prima- ry metabolism and the secondary metabolism, respectively. Previously, Tp had been reported to be biosynthesized via the mevalonate pathway by a tracer experiment though the nonmevalonate pathway was not known at that time. Very recently, a Tp producer was also found to have both of the pathways (H. Seto, unpublished data). We have recently cloned the mevalonate pathway gene cluster (mev) including the HMG-CoA reductase gene (hmgr ) and the Tp biosynthetic gene cluster (ter ) (Fig. 1) . [32] [33] [34] Therefore, our attention was then directed to cloning of genes responsible for the nonmevalonate pathway from strain MF730-N6. In this study, we report cloning of two distinct dxs genes (dxs 1 and dxs 2), a dxr gene, and a gap gene from strain MF730-N6. We found by Northern blot and primer extension analyses with these genes that the mevalonate pathway was transcriptionally regulated to operate at the late growth stage in strain MF730-N6.
Materials and Methods
Materials.
[a-
32
P]dCTP and [g-32 P]ATP were obtained from Amersham. D-Glyceraldehyde 3-phosphate (GAP) and pyruvate (sodium salt) were purchased from Sigma. 1-Deoxy-D-xylulose 5-phosphate (DXP) was enzymatically synthesized by the method of Taylor et al. 35) The other chemicals were of all analytical grade.
Bacterial strains and plasmids. Streptomyces griseolosporeus MF730-N6 (a Tp producer), which was formerly classiˆed as the genus Kitasatosporia, 36, 37) was used as a source of total DNA or RNA for the cloning experiment. Media and growth conditions for strain MF730-N6 and its derivatives were as described by Tamamura et al. 37) Cell growth of these strains was measured by the optical density at 600 nm. E. coli JM110 s rpsL thr leu thi lacY galK ara tonA tsx dam dcm supE44 W F?[traD proAB lacI q lacZ DM15]t(Toyobo, Osaka, Japan) and a cosmid pWE15 (Toyobo) were used for preparation of a genomic library. E. coli XL1-Blue MRF? (recA1 thi endA1 supE44 gyrA46 reA1 hsdR17 lac W F?[ proAB lacI q lacZ DM15::Tn10s Tet r t ]) (Toyobo) and plasmids, pUC118, pUC119, and pGEM-T (Promega, Madison, WI) were used for the subcloning experiments and sequencing analysis. E. coli M15 harboring pREP4 (neo lacI ) (Qiagen) and the plasmid pQE30 (Qiagen) were used for overexpression of the recombinant proteins.
DNA isolation and manipulation. Genomic DNA isolation from strain MF730-N6 was done by the method of Hopwood et al. 38) Plasmids and cosmids from E. coli were prepared by using a Qiagen Plas-mid Kit. All restriction enzymes, T4 DNA ligase, and calf intestinal alkaline phosphatase were obtained from Toyobo and used according to the manufacturer's protocols. Transformation of E. coli with plasmid DNA by electroporation was done under standard conditions by using a BTX ECM 600 electroporation system (Biotechnology and Experimental Research). The procedure for cosmid library construction was described previously. 39) Cloning of the dxs, dxr, and gap genes. Primers, G1
(5?-ATCAASGGNTTSGGSCGSATCGG-3?) and G2 (5?-CCSSWCTCGTTGTCGTACCA-3?), which were designed based on the conserved amino acid sequences of GAP dehydrogenase from Streptomyces aureofaciens (GenBank accession no. Q59800), Streptomyces arenae (AAB00916), Mycobacterium tuberculosis (O06822), Corynebacterium glutamicum (Q01651), and Bacillus subtilis (O34425), were synthesized and used for PCR experiments with genomic DNA from strain MF730-N6 as a template. The PCR ampliˆcation was done using the Takara LA PCR kit (Takara Shuzo, Kyoto, Japan) under the following conditions: denaturation at 949 C for 1 min, annealing at 509 C for 1.5 min, elongation at 729 C for 1 min, 30 cycles. A cosmid library of strain MF730-N6 was screened by colony hybridization with the 32 P-labeled 0.9-kb ampliˆed fragment as a probe. A positive cosmid clone, pWEGAP, was selected, and a 3.4-kb BamHI-SacI fragment, which again hybridized to the probe by Southern blot analysis, was subcloned into the same sites of pUC119. After construction of a series of plasmids, sequencing was done with an automatic DNA sequencer (model 4000L; Li-Cor).
To clone the dxs gene encoding DXP synthase, PCR primers, S1 and S2, were designed on the basis of conserved amino acid sequences of DXP synthases from Streptomyces sp. strain CL190 (GenBank accession no. AB026631), E. coli (AF035440), B. subtilis (P54523), Synechocystis sp. strain PCC6803 (S75175), M. tuberculosis (O07184), and Haemophilus in‰uenzae (P45205). The nucleotide sequences of primer S1 (5?-GTSATCYTSAACGACAACGASA-TG-3?) and primer S2 (5?-CSGCGTGCTGCTCSG-CGATSSC-3?) correspond to highly conserved amino acid sequences, VILNDNEM and (A W G)IAEQ-HA(A W L W M W V), respectively. The PCR conditions were the same as those described above. An ampliˆed 0.5-kb fragment was puriˆed, and inserted into pGEM-T. By sequencing of 10 recombinant plasmids that were randomly isolated, two diŠerent dxs genes were found to exist in the ampliˆed fragments. After colony hybridization with one of the 0.5-kb fragment as a probe, a 3.2-kb Not I fragment (dxs 1) and a 2.8-kb Not I fragment (dxs 2) were prepared from the positive cosmid clones, and the nucleotide sequences of the fragments were identiˆed.
To clone the dxr gene encoding DXP reductoisomerase, PCR primers, R1 and R2, were designed on the basis of conserved amino acid sequences of DXP reductoisomerase from E. coli (AB013300), B. subtilis (B69881), Synechocystis sp. strain PCC6803 (Q55663), M. tuberculosis (Q10798), H. in‰uenzae (P44055), and Helicobacter pyroli (P56139). The 5? primer, 5?-CTSGCSAACAAG-GAGWSSCTSGT-3? and 3? primer, 5?-CCCATSS-WCCASKTSGGGTG-3? were used for PCR ampliˆ-cation. Other procedures were the same as described above. An ampliˆed 0.3-kb fragment was used for sequencing and colony hybridization. Finally, a 2.2-kb Pst I-BamHI fragment carrying the entire dxr gene was prepared from the positive cosmid clone, and the nucleotide sequence of the fragment was determined.
Overexpression of the dxs, dxr, and gap gene products in E. coli. Four sets of primers were used to amplify the complete gap, dxs 1, dxs 2, and dxr genes. The ATG start codons were eliminated from the respective forward primers: GAP-N, 5?-GGG-GGATCCACCCGCATCGCCATCAACGGA-3?; DXS1-N, 5?-GGGGGATCCCCACTGCTGAGCC-GGATCACC-3?; DXS2-N, 5?-CGGGGTACCGCC-CTGCTGACCCGTATTCGG-3?; DXR-N, 5?-GGG-GGATCCTTGGTCATTCTCGGCTCGACCGG-3?. Restriction enzyme sites (italic letters) were introduced for in-frame expression of recombinant proteins in the pQE30 expression vector. Four reverse primers: GAP-C, 5?-GGGGGATCCTCAG-CTCGCGGCGAGCAGCTC-3?; DXS1-C, 5?-GGG-GGATCCTCACGCGGGTTCGCTCCAATC-3?; DXS2-C, 5?-ACCAAGCTTTCAGCTCCGGGCG-AAGGAGCG-3?; DXR-C, 5?-GGGGGATCCTCA-GCCGGCCGCCAGCTCGCGGG-3?, were designed to introduce a restriction enzyme site (italic letters) and a stop codon (bold letters) of each ORF. The PCR conditions were the same as that for the gap gene ampliˆcation. The 1.0-kb, 1.9-kb, 1.9-kb, and 1.2-kb DNA fragments that carried the gap, dxs 1, dxs 2, and dxr genes, respectively, were ampliˆed by PCR. After sequencing conˆrmation, each of the PCR fragments was inserted into the same site of pQE30. Plasmids, pQE30-gap, pQE30-dxs1, pQE30-dxs2, and pQE30-dxr, in which recombinant proteins were expressed as N-terminal 6×His-tagged fusion proteins under the control of the T5 promoter, were selected.
E. coli M15 [pREP4] harboring pQE30-gap, pQE30-dxs1, pQE30-dxs2, or pQE30-dxr was grown at 379 C in Luria Broth medium with appropriate antibiotics. Expression of the recombinant protein was induced by adding isopropyl-b-D-thiogalactoside (IPTG;ˆnal concentration, 1 mM for GAP dehydrogenase and 0.1 mM for DXP synthase and DXP reductoisomerase) when the optical density at 600 nm reached about 0.8. The cultivation was continued for an additional 4 h at 379 C for recombinant GAP dehydrogenase and for an additional 12 h at 189 C for recombinant DXP synthases and DXP reductoisomerase, respectively. Puriˆcation of His-tagged recombinant proteins was done according to manufacturer's protocols (Qiagen). Puriˆed proteins were analyzed by an SDS-PAGE on 10z gels. The native molecular mass of the puriˆed proteins was estimated by gelˆltration.
Denaturing and renaturing of DXP reductoisomerase. Cells of an E. coli transformant harboring pQE30-dxr were harvested by centrifugation. After being suspended in a lysis buŠer consisting of NaH 2 PO 4 (50 mM), NaCl (300 mM), and imidazole (20 mM) (pH 8.0), the cells were disrupted by ultrasonic oscillation at 49 C for 5 min. Pellets obtained by centrifugation of the cell lysate, which contained a large amount of inclusion bodies, were solubilized in a buŠer containing guanidine hydrochloride (6 M) and Tris-HCl (50 mM) (pH 8.0) by shaking overnight at 49 C. The solution was centrifuged to remove any insoluble materials, and then diluted to aˆnal OD280 of 0.15 against a buŠer including guanidine hydrochloride (1 M), reduced glutathione (2 mM), oxidized glutathione (0.02 mM), and Tris-HCl (50 mM) (pH 8.0). The solution was left for 10 h at 49 C and then dialyzed against a buŠer consisting of DTT (1 mM) and Tris-HCl (50 mM) (pH 8.0). The supernatant of dialyzate obtained by centrifugation was passed through a Ni 2+ column to purify a refolded DXP reductoisomerase.
Enzyme assays. Assays for the His-tagged DXP synthase and His-tagged DXP reductoisomerase were done by the methods described by Kuzuyama et al. 16) and Takahashi et al., 25) respectively. One unit of the His-tagged DXP synthase activity was deˆned as the amount of the enzyme that catalyzes the formation of 1 mmol of DXP per min at 379 C. One unit of the His-tagged DXP reductoisomerase activity was dened as the amount of the enzyme that caused the oxidation of 1 mmol of NADPH per min at 379 C. The His-tagged GAP dehydrogenase was assayed by the arsenolysis procedure. 41) One unit was deˆned as the amount of enzyme that reduces 1 mmol of NAD + per min at 259 C.
Disruption of the hmgr gene. A 4.9-kb SacI fragment ( Fig. 2(B) ), which had previously been cloned from strain MF730-N6 34) and contained the hmgr gene, was subcloned into pUC119. The plasmid was digested with Spl I, treated with the Klenow fragment of DNA polymerase I toˆll-in the sticky ends of this site, and self-ligated, in which the hmgr was inactivated by a frame-shift mutation. The plasmid was digested with SacI, and the resultant fragment was subcloned into the same sites of pEN101, to give pHMGRFS1. The plasmid, pHMGRFS1, was introduced into strain MF730-N6, and thiostreptonresistant colonies were selected. After protoplasting and regeneration of the transformants, thiostreptonsensitive colonies were collected. Among them, a mutation in the hmgr was conˆrmed by Southern blot analysis. Tp productivity of the mutants was estimated by bioassay and HPLC analysis. 33) Hybridizations. Colony hybridization, Southern hybridization, and Northern hybridization with a 32 P-labeled DNA fragment made by nick translation (5×10 8 cpm W mg) were done as described previously. 42, 43) Theˆlter was washed twice with a buŠer containing 0.3×SSC and 0.2z SDS for 30 min at 689 C. Total RNA was isolated from strain MF730-N6 grown at 309 C for 6, 9, 12, and 24 hours in the production medium by the method as described previously.
42) The 1.0-kb, 1.9-kb, 1.9-kb, and 1.2-kb BamHI fragments carrying the gap, dxs 1, dxs 2, and dxr genes, were prepared from pQE30-gap, pQE30-dxs1, pQE30-dxs2, and pQE30-dxr, respectively. The 1.6-kb BamHI fragment and the 5.9-kb SacI fragment, which contained the hmgr gene 33) and Tp biosynthetic genes, 32) respectively, were also prepared. These six fragments were used as the probes. Intensities of the hybridized bands were calculated with BAS-1000 (Fuji Film, Tokyo, Japan).
Primer extension analysis. The protocol was essentially the same as described by Hopwood et al. Nucleotide sequence accession numbers. The DNA sequences of the genes gap, dxs 1, dxs 2, and dxr have been deposited in the DDBJ, EMBL, and GenBank under the accession nos. AB042822, AB042821, AB064999, and AB049187, respectively.
Results and Discussion
Cloning and sequence analysis of the dxs gene Based on the conserved amino acid sequence of DXP synthases among dxs homologs fromˆve genera, PCR primers were designed to clone the dxs gene from S. griseolosporeus strain MF730-N6. By sequencing analysis of the ampliˆed fragments, we could identify two distinct fragments, both of which have high similarities with DXP synthases from other organisms. Because the nucleotide sequence of each fragment had high identity (80z), ten positive cosmid clones were randomly selected by colony hybridization with one of the fragment as a probe, and analyzed by Southern blotting. A 3.2-kb Not I fragment and a 2.8-kb Not I fragment, which showed a diŠer-ent hybridized pattern, were prepared from the cosmids, and the nucleotide sequences of the two fragments were analyzed. By Frame Analysis, open reading frames (ORFs), DXS 1 and DXS 2 were suggested to be present on the former and latter fragments, respectively. The DXS 1 and DXS 2 encoded a protein of 650 amino acids (molecular mass, 68,623 Da) and a protein of 634 amino acids (67,603 Da), respectively. To conˆrm the presence of the two (or more) distinct dxs genes in strain MF730-N6, Southern blot analysis was done. Genomic DNA was digested with NcoI, Not I, or SphI to be hybridized with the dxs 1 PCR fragment as a probe. As shown in Fig. 2(A) , two positive signals were clearly detected in each of the restriction enzyme digests, and the sizes of these signals were in good agreement with those of the fragment cloned from the cosmids, suggesting that strain MF730-N6 had only the dxs 1 and dxs 2 genes. Database searches with BLAST 44) and FASTA 45) showed that the deduced amino acid sequences of the both ORFs have signiˆcant similarity with those of DXP synthases from Streptomyces sp. strain CL190 (DXS 1; 70z, DXS 2; 69z identities), E. coli (39z, 38z), Bacillus subtilis (38z, 39z), Synechocystis sp. (38z, 40z), Mycobacterium tuberculosis (59z, 59z), and Haemophilus in‰uenzae (38z, 37z). Furthermore, the putative proton transfer motif and the putative thiamine binding motif, which are highly conserved among DXP synthases, 12, 13) were also conserved in both the DXP synthases from strain MF730-N6 (Fig. 3) .
Cloning and sequence analysis of the dxr gene Because the DXP synthase was known to participate in the biosynthesis of vitamin B 1 , 46, 47) a dxr gene, which is a speciˆc gene of the nonmevalonate pathway, was also cloned by colony hybridization with the PCR product as a probe. The presence of one copy of dxr gene was conˆrmed by genomic Southern analysis (not shown). A 2.2-kb Pst I-BamHI fragment, which hybridized to the probe, was found to contain the entire dxr gene by sequencing analysis. The ORF with a TTG start codon and a TGA stop codon encoded a protein of 386 amino acids with a calculated molecular mass of 39,547 Da. A start codon, TTG, was judged to be an actual one by alignment of the deduced ORF product and other dxr homologs, by existence of a typical ribosome binding site, GGGAG, just upstream of the TTG codon, and by a transcriptional start site found by primer extension analysis (see below). The deduced amino acid sequences of the ORF were found to have signiˆcant similarity with those of DXP reductoisomerase from M. tuberculosis (50z identity), Synechocystis sp. strain PCC6803 (45z identity), E. coli (43z identity), and B. subtilis (40z identity).
Cloning and sequence analysis of the gap gene
In this study, we aimed at examining the temporal expression of the genes responsible for the nonmevalonate and mevalonate pathways by Northern blot analysis and primer extension experiments. To estimate the expression levels of these genes quantitatively, another gene, such as one of the house-keeping genes, is essential as an internal control. Therefore, a gap gene encoding GAP dehydrogenase, which is a key enzyme in glycolysis, was cloned from strain MF730-N6. The reasons why we selected the gap gene are as follows. (i) GAP is the common substrate for DXP synthase and GAP dehydrogenase. Therefore, we could estimate the relative strength of metabolic ‰ows between the glycolysis pathway and the nonmevalonate pathway by detecting mRNAs of both of the genes. In addition, some properties of both of the enzymes might be compared when GAP was used as a substrate. (ii) Although the gap genes were cloned and characterized from Streptomyces strains, [48] [49] [50] [51] the enzymatic properties of these enzymes were not reported.
To clone the gap gene from strain MF730-N6, PCR primers were designed on the basis of conserved amino acid sequences of GAP dehydrogenases from Shaded dark gray and light gray show identical amino acid residues and similar amino acid residues, respectively. Amino acid residues putatively involved in the binding of thiamine diphosphate are indicated with the symbol #. The conserved motif containing the histidine residue putatively involved in proton transfer during catalysis is indicated with the symbol +. The numbers are the residue numbers for E. coli DXP synthase. Abbreviations and accession numbers: Streptomyces griseolosporeus MF730-N6 (S. gri 1, the dxs 1 gene product; S. gri 2, the dxs 2 gene product), Streptomyces sp. strain CL190 (S. 190, GenBank accession no. AB026631) and E. coli (E. col, AF035440). Overexpression of His-tagged DXP synthases, DXP reductoisomerase, and GAP dehydrogenase in E. coli
To conˆrm that the dxs 1, dxs 2, dxr, and gap genes cloned in this study would encode the functional enzymes, the respective gene product was expressed in E. coli. We constructed recombinant plasmids (pQE30-dxs1, pQE30-dxs2, pQE30-dxr, and pQE30-gap) to express the enzymes as N-terminal 6×His-tagged fusion proteins. Soluble protein extracts from E. coli harboring pQE30-dxs1, pQE30-dxs2, pQE30-dxr, or pQE30-gap, before and after induction with IPTG, were analyzed by an SDS-PAGE. After induction with IPTG, the His-tagged DXP synthase 1 (70 kDa), the His-tagged DXP synthase 2 (70 kDa) and the GAP dehydrogenase (36 kDa), which were in good agreement with the values calculated from the deduced amino acid sequence of the enzymes, were expressed at a high level. The expressed proteins were then puriˆed from crude cell extracts in one step using Ni-nitrilotriacetic acid agarose (Fig. 4) . By gelˆltration, the native molecular masses of the His-tagged DXP synthase 1, the His-tagged DXP synthase 2, and the GAP dehydrogenase were estimated to be 130 kDa, 130 kDa, and 150 kDa, respectively (data not shown). These results suggested that the two DXP synthases and the GAP dehydrogenase existed as homodimers and a homotetramer, respectively.
On the other hand, the His-tagged DXP reductoisomerase strongly formed inclusion bodies. We therefore constructed several recombinant plasmids such as a C-terminal 6×His-fused protein and a thioredoxin-fused protein. However, the expressed proteins again formed inclusion bodies even though several attempts to increase the soluble enzyme by decreasing the amount of IPTG added for induction, and by prolonging the cultivation at low temperature, were made. To overcome this problem, the Nterminal 6×His-tagged fusion proteins, which were produced as inclusion bodies at a high level, were solubilized with guanidine, and then renatured as described in materials and methods. The thus obtained soluble protein was used for analysis of enzymatic properties (Fig. 4) .
Enzymatic properties of the His-tagged DXP synthases, the His-tagged DXP reductoisomerase, and the His-tagged GAP dehydrogenase
The speciˆc activities of the puriˆed His-tagged DXP synthase 1 and His-tagged DXP synthase 2 were calculated to be 8.75 and 4.20 U mg "1 . Both of the enzymes showed a pH optimum of 8.0 with TrisHCl buŠer (pH, 7¿9.5). The eŠects of temperature on enzymatic activity were investigated over the range of 25 to 709 C. Maximum activities of the Histagged DXS synthase 1 and the His-tagged DXS synthase 2 were observed at 509 C and 359 C. At above 709 C no activity could be detected from either of the enzymes. The K m of the His-tagged DXS synthase 1 were calculated to be 0.11 mM for pyruvate and 0.25 mM for GAP. On the other hand, the Histagged DXS synthase 2 showed Km of 0.33 mM for pyruvate and 1.00 mM for GAP. These properties are summarized in Table 1 and compared with those from other bacteria and plant.
The renatured His-tagged DXP reductoisomerase was used for the enzyme assay. The protein showed a weak activity and its speciˆc activity was calculated to be 0.1 U mg "1 . The speciˆc activity of the His-tagged GAP dehydrogenase was 18.5 U mg "1 . The optimum pH of the His-tagged GAP dehydrogenase was observed at 9.0 with N, N-Bis(2-hydroxyethyl)glycine(Bicine)-NaOH buŠer (pH, 6.5¿9.5). The optimum temperature was found to be 409 C. No activity of the Histagged GAP dehydrogenase could be detected at 759 C. The Km were calculated as 0.53 mM for GAP and 0.11 mM for NAD + .
Northern blot analyses of the genes responsible for the isoprenoid biosynthesis
To investigate the temporal expression of the genes responsible for isoprenoid biosynthesis in this strain, Northern blot analysis was done. Total RNA was isolated from strain MF730-N6 grown at 309 C for 6, 9, 12, and 24 hours in the production medium ( Fig. 5(A) ). The DNA fragment carrying the dxs 1, dxs 2, dxr, mev, ter, or gap gene was used as the probe. Almost the same amounts of these fragments (1 pmol) were radio-labeled to give probes with approximately equal speciˆc activities and Northern blot analysis was done against total RNA (10 mg per lane). The dxs 1, dxs 2, dxr, and gap genes were transcribed throughout the cultivation, and the sizes of which were estimated to be 2.5-kb, 2.5-kb, 1.5-kb, and 1.2-kb, respectively ( Fig. 5(C) ), showing that these four genes were monocistronically transcribed. However, we could not conˆrm that both the dxs 1 and dxs 2 genes were actually transcribed because the dxs 1 gene and the dxs 2 gene had high nucleotide sequence identity and produced the same size of transcripts (see below). The intensity of the detected signal with the gap gene was estimated to be approximately ten times as strong as that with the dxs gene.
On the other hand, messages of the mev and ter genes were not detected in the early growth phase (6 h) but simultaneously appeared at 9 h, which coincided with the beginning of Tp production ( Fig. 5(B) ). These results clearly showed that the nonmevalonate pathway operated throughout the cell growth and that the mevalonate pathway was transcriptionally regulated to operate at late growth phase. Signal strength of the mev gene was highest at 12 h and was almost undetectable at 24 h. Thisˆnd-ing was in good agreement with the previous result that the HMG-CoA reductase activity of cell extract prepared from 24 h-cultivated mycelium was much lower than that from 12 h-cultivated mycelium. 33) On the other hand, the ter gene was highly expressed even at late growth phase (24 h). These results suggest that the mevalonate pathway gene cluster (mev) including the hmgr gene and the Tp biosynthetic gene cluster (ter ) are independently regulated. In fact, we could notˆnd common nucleotide sequences in the promoter regions of these two clusters.
Primer extension analyses of the genes responsible for the isoprenoid biosynthesis
By Northern blot analyses of the dxs genes, we could not conˆrm either both the dxs 1 and dxs 2 genes were actually transcribed or one of the genes was silent, because the dxs 1 and dxs 2 genes had high nucleotide sequence identities and a cross-hybridization might occur. Very recently, Cane and coworkers have reported that Streptomyces coelicolor also had two distinct dxs genes. 17) They have cloned the two dxs genes by PCR and expressed their products as recombinant enzymes in E. coli. Although they were able to detect the expected activities with both of the recombinant enzymes, it remained unclear whether each of the two dxs genes was functionally expressed in Streptomyces strains. To clarify this point, primer extension analyses were done using two primers, which were speciˆcally designed to the dxs 1 and dxs 2 genes and had low sequence identities (50z). The dxr, mev, ter, and gap genes were also put through primer extension analyses and transcriptional start points of these genes were identiˆed. As shown in Fig. 5(D) , transcripts from the dxs 1 and dxs 2 genes were detected throughout the cultivation under conditions in which cross hybridizations did not occur, suggesting that both the dxs 1 and dxs 2 genes operated in the Tp producer. The dxr and gap genes were also expressed throughout the cultivation. The intensities of transcripts of theses genes were almost the same as those obtained by Northern blot analysis. On the other hand, transcripts of the mev and ter genes were again detected only at late growth phase. The transcriptional start sites of gap, dxs 1, dxs 2, dxr, mev and ter genes were identiˆed to be 31, 32, 54, 69, 5-7, and 63-64 bp upstream of the corresponding start codon.
Construction of mutants lacking the hmgr and W or one of the dxs genes
To investigate the ratio of contribution of the mevalonate and nonmevalonate pathways to Tp production, we tried to construct several mutants in which the hmgr gene and W or one of the dxs genes were disrupted. Although we had previously isolated a mutant (strain 6015) lacking the HMG-CoA reductase activity by using a mutagen, 33) a hmgr gene disrupted mutant was again constructed by a gene Total RNA was isolated from S. griseolosporeus strain MF730-N6 grown at 309 C for 6, 9, 12, and 24 hours, at which cell growth (A) and terpentecin productivity (B) were also measured, and analyzed by Northern blotting (C) and to primer extension analyses (D). Arrows in (D) indicate the transcriptional start sites. Asterisks (D, panels dxs 1 and dxs 2) indicate postulated transcriptional start sites when a cross hybridization between the dxs 1 and dxs 2 genes occurred.
replacement to obtain a series of homogeneous-background mutants. A plasmid, pHMGRFS1, in which the hmgr gene was inactivated, was constructed. After introduction of the plasmid into strain MF730-N6 (wild type), disruptants were obtained by double crossover recombination during protoplasting and regeneration of the transformants. Genomic DNAs of the four mutants were prepared and tested by Southern blotting to conˆrm the gene disruptions ( Fig. 2(B) ). Moreover, all the mutants lacking the hmgr gene s MF730-N6 (Dhmgr )twere conˆrmed to have no HMG-CoA reductase activities by enzyme assays using cell-free extracts (not shown). In this experiment, about half of the regenerated colonies lost the plasmid, and the hmgr-inactivated strains emerged from plasmid-cured colonies at a frequency of about 10z.
We have also constructed two plasmids, in which either the dxs 1 or the dxs 2 gene was disrupted by a frame-shift mutation. These plasmids were independently introduced into strain MF730-N6 (wild type). After protoplasting and regeneration of the transformant, we screened a disruptant by Southern blot analysis. However, no mutants could be obtained in either of the cases though we screened approximately ten times as many regenerated colonies as we usually did. These results suggested that both the dxs genes might be essential for cell growth. To clarify this point, however, another experiment using a marker that enables us to do a positive selection is necessary.
To investigate the eŠects of disruption of the hmgr on Tp production, MF730-N6 (wild type) and MF730-N6 (Dhmgr ) were cultivated ( Fig. 6(A) ) and Tp productivity was estimated by bioassay and HPLC analysis (Fig. 6(B) ). Although cell growth of the mutant was almost the same as that of the wild type strain, the mutant strain MF730-N6 (Dhmgr ) produced approximately 70z less Tp than the wild type strain at 9 h and 12 h of cultivation. Moreover, Tp productivity of strain MF730-N6 (Dhmgr ) at 24 h of cultivation, which coincides with the timing of the highest expression of the mev gene, reduced approximately 40z of the wild type strain. This result suggested that the mevalonate pathway supplied 60z of IPP for Tp biosynthesis and that the nonmevalonate pathway contributed 40z.
In conclusion, the following results were obtained in this study: (i) At least two distinct dxs genes and the dxr gene, which participate in the initial and the second step of the nonmevalonate pathway, respectively, were expressed throughout the cultivation. On the other hand, both the mevalonate pathway genes (mev) and the Tp biosynthetic genes (ter ) were transcriptionally regulated to operate at late growth phase. (ii) Both the dxs 1 and dxs 2 genes were actually transcribed in the Tp producer. (iii) The nonmevalonate pathway and the mevalonate pathway would supply 40z and 60z of IPP needed for Tp biosynthesis. (iv) The mevalonate pathway was not essential for cell growth, but indispensable for full production of Tp.
